understood, although it is clear that they are all catenated to each other as well as to minicircles (44) .
Within the mitochondrial matrix, the C. fasciculata network is condensed into a highly organized disk-shaped structure that measures about 1 m in diameter and 0.35 m in thickness. Within the disk, the minicircles are stretched out and aligned side-by-side approximately perpendicular to the planar face of the disk. Therefore, the thickness of the disk is about half the circumference of a minicircle (29, 45) . Figure 1B Figure 2A shows the kDNA disk of C. fasciculata (whose minicircles are 2.5 kb), and Fig. 2B shows a comparable image of a much thicker disk from Trypanosoma avium (whose minicircles are 10 kb) (29) . In C. fasciculata, there are histone-like proteins, termed kinetoplast-associated proteins, that are involved in organizing the kDNA network in the disk-like structure (28, 57) . The kDNA disk is positioned in a fixed region of the mitochondrial matrix, near the basal body of the flagellum ( Fig. 2A and B and 2B, inset). The axis of the disk aligns with the axis of the flagellum to which it is physically linked (19, 42 ; D. Robinson 
and P. T. Englund, unpublished results).
Replication of the kDNA network. kDNA synthesis requires a complex replication machine composed of multiple proteins situated in a variety of fixed positions surrounding the kDNA disk. One crucial consequence of the replication process, and a likely reason for its complexity, is to ensure that each daughter cell receives a complete repertoire of minicircles so that essential gRNA species will be available for RNA editing. Although the system is not perfectly precise, as it allows drift in the minicircle copy number (48) , it is adequate for survival of the cell population (see below for a more extensive discussion of this issue). For further information on kDNA replication, see reference 25 .
Network replication initiates, near the beginning of the nuclear S phase, with the topoisomerase-catalyzed release of covalently closed minicircles from the network. Minicircles are released vectorially into the kinetoflagellar zone (KFZ), a region between the kDNA disk and the mitochondrial membrane nearest the flagellar basal body (10) . Within the KFZ, minicircles encounter key proteins that are localized specifically in this region. These proteins include the minicircle origin recognition protein (1), primase (27) , and two DNA polymerases (M. Klingbeil, S. Motyka, and P. T. Englund, submitted for publication). These proteins, and probably others, presumably assemble on the minicircle replication origin, allowing replication to initiate. Minicircles, either in the form of advanced replication intermediates or segregated minicircle progeny, then migrate from the KFZ to the antipodal sites, two loci that flank the kDNA disk. The antipodal sites contain a distinct set of replication enzymes, and within them some minicircle processing reactions are thought to occur. These include the removal of RNA primers by SSE1, an enzyme with RNase H activity (12) ; repair by DNA polymerase ␤ of some but not all of the many minicircle gaps that have been introduced during replication (50); and reattachment of the stillgapped progeny by topoisomerase II (36) to the network periphery (55) .
Although gapped progeny minicircles are attached initially to the network at two peripheral loci, adjacent to the antipodal sites, they subsequently become distributed around the entire network periphery (38, 47) . This remarkable fact strongly suggests that there is relative movement between the kDNA disk and the antipodal sites, and a simple explanation would be that the kDNA disk actually spins during replication (38) . There appears to be a spinning kinetoplast in C. fasciculata, T. cruzi, L. tarentolae, and Phytomonas serpens but, surprisingly, not in T. brucei (18) . In the last parasite, gapped minicircles accumulate adjacent to the antipodal sites; therefore, its kinetoplast appears to remain stationary during the replication process (14) . When all minicircles have replicated, the network has increased in size from 5,000 minicircles, all covalently closed, to 10,000 minicircles, all containing gaps. At this time, the gaps are repaired and the network splits in two. The mechanism of the latter process is not understood, but it is probably mediated by a topoisomerase that unlinks minicircles along the cleavage line. The segregation of progeny kDNA networks into daugh- For light microscopy, cells were fixed in 4% paraformaldehyde for 3 min at room temperature, incubated in phosphate-buffered saline containing 0.1 g of DAPI/ml for 3 min at room temperature, and examined with a Zeiss Axioplan 100 microscope. For electron microscopy, cells were fixed in 2% glutaraldehyde in 0.2 M cacodylate buffer at 4°C overnight, postfixed in 2% osmium tetroxide for 1 h at room temperature, and embedded in Epon-Araldite. Thin sections stained with uranyl acetate and lead citrate were examined in a JEOL 1010 microscope. Arrows in electron micrographs indicate kDNA. Insets show DAPI-stained cells (n, nucleus); kDNA is stained brightly. ter cells is thought to be mediated by their connection with flagellar basal bodies (42) . There are other molecular transactions involving minicircles and maxicircles. During mating of T. brucei and T. cruzi, not only exchange of nuclear genes (21, 33) but also exchange of intact minicircles (16) and maxicircles (33, 51) occur. Therefore, hybrid networks in the progeny contain components derived from the kDNA network of each parent. Although the mechanism of minicircle and maxicircle exchange is unknown, it must involve fusion of the mitochondria from the two parental cells.
VARIATIONS IN kDNA STRUCTURE
Here we review the recently discovered diversity in kDNA structure. We discuss kDNA structures known as pro-kDNA, poly-kDNA, pan-kDNA, and mega-kDNA. This nomenclature has been used earlier (54) , except for pro-kDNA and megakDNA, which are new terms introduced in this review.
Pro-kDNA. Electron microscopy of thin sections of Bodo saltans (a late-diverging free-living bodonid isolated from a lake) revealed a single bundle-like structure in the mitochondrial matrix that superficially resembles a kDNA disk (Fig. 2 , compare panel C with panels A and B). As with a kDNA network, the pro-kDNA bundle is situated near the basal body of the flagellum, although there is no information as to whether there are molecular connections between the two. 4Ј,6Ј-Diamidino-2-phenylindole (DAPI) staining (Fig. 2C, inset) as well as in situ hybridization with a minicircle probe confirmed that this structure contains kDNA (I. Gažiová and J. Lukeš, submitted for publication). Molecular analysis of pro-kDNA revealed that it is composed not of networks but of individual 1.4-kb minicircles, with only a few very small catenanes. As in kDNA networks, these minicircles are mostly covalently closed and, significantly, are topologically relaxed (2). It is not known whether they develop gaps, as do kDNA network minicircles, after they have undergone replication. Each minicircle encodes two gRNAs and, like classical kDNA minicircles, contains sequences that cause DNA bending (A tracts phased every 10 bp) (2) . The minicircles also contain a short sequence, within a 350-bp conserved region, that resembles the UMS replication origin ( Table 1 ). The B. saltans maxicircle is unusually large (ϳ70 kb), and a 4-kb fragment that has been sequenced contains typical maxicircle genes. However, the gene order and editing patterns differ from those of trypanosomatids (3) .
Other bodonids may have pro-kDNA, as electron microscopy of thin sections has revealed kDNA similar to that of B. saltans in structure and in location within the mitochondrial matrix. Examples include the free-living Bodo designis, Procryptobia (Bodo) sorokini, Rhynchomonas nasuta, and Cephalothamnium cyclopi (7, 15, 54) . However, there have been no studies on the molecular nature of their kDNAs.
Poly-kDNA. Inspection of DAPI-stained cells or electron micrographs of the early-branching bodonids Dimastigella trypaniformis (a commensal of the intestine of a termite) (Fig.  2E and F and 2F, inset), Dimastigella mimosa (a free-living bodonid isolated from a sewage plant), and Cruzella marina (a parasite of the intestine of a sea squirt) revealed a kDNA packaging pattern distinct from that of B. saltans. Instead of being condensed into a single globular bundle (Fig. 2C) , the kDNA is distributed among various discrete foci throughout the mitochondrial lumen (Fig. 2E and F and 2F, inset) (5, 53) . Molecular studies have shown that poly-kDNA, like prokDNA, does not exist in the form of a network. Instead, it consists of monomeric minicircles (1.2 to 2.0 kb, depending on the species), many of which are covalently closed but not supercoiled (one faint band detected by gel electrophoresis of D. trypaniformis kDNA migrated as expected for supercoils but could also be a smaller minicircle) (49) . Minicircle dimers, but no larger oligomers, were also found, and they were relatively abundant only in C. marina (A. Zíková and J. Lukeš, unpublished results). No sequence information is available for polykDNA minicircles or maxicircles.
Other bodonids apparently have poly-kDNA. Based on Giemsa staining, these include free-living Rhynchobodo spp., Hemistasia phaeocysticola, and ectoparasitic Ichthyobodo (Costia) necatrix (6, 11, 22) .
Pan-kDNA. The kDNA of Cryptobia helicis (a parasite of the receptaculum seminis of snails) fills most of the mitochondrial matrix ( Fig. 2D and inset) . Like pro-kDNA and poly-kDNA, pan-kDNA does not exist in the form of a network, and almost all of its 4.2-kb minicircles are monomeric. However, one major difference from all the kDNA forms discussed so far is that C. helicis minicircles are not relaxed but are supercoiled (32) . Although most minicircles are present as supercoiled monomers, dimers and oligomers are also present. C. helicis minicircles contain typical minicircle motifs, including a UMSrelated sequence and a bent helix (Table 1) . Maxicircles are ϳ43 kb, and the two genes partially sequenced so far encode RNAs that are not edited (32) .
Pan-kDNA may also occur in free-living B. caudatus (as judged from the published data) (20) and Cryptobia branchialis, a parasite of fish (7) .
Mega-kDNA. The most unusual kDNA (from the perspective that the network is the conventional structure) is that of the fish parasite Trypanoplasma borreli. This kDNA is distributed fairly uniformly throughout a large region of the mitochondrial matrix (Fig. 2G and H and 2H, inset) . However, molecular studies have indicated that it does not contain minicircles at all (35) . Instead, minicircle-like sequences are tandemly linked into large molecules (possibly circular) of approximately 200 kb. Each minicircle-size unit (1 kb each, cut once by ScaI) encodes gRNAs that are unusual in having uridine tails on both 5Ј and 3Ј ends (46, 48, 58) . Cloned ScaI fragments contain a UMS-related sequence (35) . The gene order and editing patterns of maxicircle genes in this species are significantly different from those of trypanosomatids (30, 35) .
In addition to T. borreli, light and electron microscopy images suggest that similarly organized mega-kDNA may occur in other species of Trypanoplasma and in Jarrellia, a parasite of whales (40) .
EVOLUTION OF kDNA
The function of kDNA, whether in the form of a network, monomeric circles, or tandemly repetitious minicircle-like sequences, is to encode the substrates for RNA editing. Editing occurs through the transfer of sequence information from the predominantly minicircle-encoded gRNAs to encrypted transcripts encoded by maxicircles. How does this function relate 498 MINIREVIEW EUKARYOT. CELL to the unprecedented structure of the kDNA network? How did kDNA networks arise? What are the biological factors driving their evolution? Alternatively, why did kDNA networks arise at all, since organisms containing much simpler kDNA structures are still extant and widespread? We cannot provide clear answers to all of these questions, but from an evolutionary perspective we can provide some insights. Phylogeny of the Kinetoplastida. The order Kinetoplastida was originally subdivided into the suborders Bodonina and Trypanosomatina based on morphological characteristics (54) . Subsequently, phylogenetic trees constructed from nuclear rRNA genes confirmed the morphology-based subdivisions and the paraphyletic status of the Bodonina. These trees also established the monophyly as well as the derived character of the Trypanosomatina (31, 56). These results have been further supported by comparative analyses of the mitochondrial gene order on maxicircle DNA and the RNA editing patterns of these genes and by phylogenetic analysis of the cytochrome oxidase subunit I and II genes (2). However, the most extended bodonid data set, analyzed with maximum parsimony and maximum likelihood, has failed to resolve the branching order of the early-diverging bodonid species (9) . Therefore, until more conserved genes can be analyzed, the precise evolution of the early-branching bodonids cannot be definitively traced; Fig. 3 shows the current phylogenetic tree. However, it is currently believed that C. helicis is among the earliest of the bodonids and that B. saltans is among the last to diverge.
Evolution of kDNA structures. If one superimposes on the phylogenetic tree shown in Fig. 3 the variety of kDNA structures together with their compaction patterns within the mitochondrial matrix, a straightforward and logical pathway for the evolution of kDNA structures can be deduced. We propose that the pan-kDNA of C. helicis is the form most similar to the ancestral state. In pan-kDNA, the size, supercoiling, monomeric status, and distribution of minicircles in the mitochondrial matrix resemble those of plasmids ( Fig. 2D and 4) . We postulate that the precursor to modern minicircles was derived from a plasmid harbored within the mitochondrion of an ancient flagellate. That C. helicis minicircles contain UMS-related and bent DNA sequences is consistent with the hypothesis that they are an ancestor of the minicircles in kDNA networks.
From Cryptobia we propose a branched pathway, with one branch leading ultimately to the kDNA network of trypanosomatids and the other leading to the mega-kDNA of T. borreli. We focus first on the branch that leads to the network and discuss mega-kDNA below. There are two events that must have occurred on the pathway to the network. One is the loss of supercoiling that occurred with the advent of poly-kDNA in Dimastigella and Cruzella, with relaxed minicircles also being characteristic of pro-kDNA and a kDNA network (Fig. 5) . Concurrent with the loss of supercoiling was the gradual compaction of monomeric minicircles (shown in the diagrams in Fig. 4) . In poly-kDNA, minicircles are bundled in multiple foci throughout the mitochondrial matrix, and in pro-kDNA, they are compacted in a single focus. In a kDNA network, at the end of this pathway, minicircles are even more tightly condensed into a disk. The compaction of kDNA minicircles could resemble that of bacterial plasmids, some of which aggregate in multiple foci within a bacterial cell (39) .
Compaction and absence of supercoiling are major factors that allow the formation of a network. As demonstrated by in vitro reactions, plasmid DNA aggregated by spermidine in the presence of topoisomerase will form massive networks if the DNA is relaxed but only small catenated oligomers if it is supercoiled (26) . The reason that relaxed circles more readily form a network is that they take up more space and can more easily penetrate each other. According to this logic, it is inevitable that relaxed, compacted DNA circles in the presence of topoisomerase will form a network. FIG. 3 . Kinetoplastid phylogenetic tree. Majority-consensus maximum-likelihood tree constructed by using a small-subunit rRNA alignment (alignment 10 at http://www.rna.ucla.edu/trypanosome/alignments.html) narrowed to species for which kDNA structural information is available (see the text). Bootstrap analysis was performed with 1,000 replicates. Bootstrap values for maximum likelihood and maximum parsimony are shown (to left and right of slashes, respectively). Parasitic species are underlined. Pro-kDNA contains monomeric relaxed minicircles condensed in a single region of the mitochondrial matrix. Poly-kDNA contains monomeric relaxed minicircles condensed in multiple foci. Pan-kDNA contains monomeric supercoiled minicircles distributed throughout a large region of the mitochondrial matrix. Mega-kDNA contains molecules with tandemly linked minicircle-like sequences. The B. caudatus strain used by Hajduk et al. (20) appears to have pan-kDNA, although electron microscopy data on thin sections is lacking. See the text for further discussion.
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However, conundrums remain. For example, there is a price to pay for abandoning supercoiling. The tension from superhelicity promotes unwinding of the DNA helix, which in turn drives fundamental processes such as replication, transcription, and recombination (23) . Therefore, the kinetoplastid protozoa must have gained something to compensate for the loss of minicircle supercoiling. One possible gain could be the ability to form a network, but this does not appear to be the case because cells with poly-kDNA and pro-kDNA do not catenate their minicircles even though they are relaxed and compacted (even more compact in the case of pro-kDNA). One could argue that monomeric minicircles are not catenated because there is no topoisomerase associated with the minicircle bundles. However, that explanation appears to be incorrect. It was recently revealed by immunofluorescence that B. saltans topoisomerase II, about 48% identical in sequence to mitochondrial topoisomerase II from C. fasciculata and T. brucei, localizes predominantly with the pro-kDNA bundles within the mitochondrion of the cell (Gaziová and Lukeš, submitted). Therefore, even though these minicircles are compacted, relaxed, and associated with topoisomerase, they do not form a network, as they would in vitro. We do not know the reason for this behavior.
Evolution of mega-kDNA. As already mentioned, there was an early branch point in the evolution of kDNA structures (Fig. 4) . One branch, discussed above, led to the kDNA network, while the other led to the mega-kDNA of T. borreli. Mega-kDNA could have arisen easily by recombination of pan-kDNA minicircles such as those in C. helicis, forming concatemers of tandemly linked minicircle-like sequences, each encoding a gRNA. Such recombination has resulted in a structure completely different from that of a kDNA network, although as we discuss below, it could serve some of the same functions.
Minicircle segregation dilemma. The repertoire of minicircles and maxicircles has not been thoroughly characterized in any kinetoplastid protozoan with noncatenated circles. However, it likely consists of multiple identical maxicircle copies and numerous different minicircle species (each encoding one or more essential gRNAs) present in unique copy numbers. When the maxicircles and minicircles undergo replication, their copy numbers should double. The problem is how the progeny segregate into the two daughter cells. It is difficult to imagine a molecular mechanism that would provide precise segregation of every copy of these multiple noncatenated spe- FIG. 4 . Proposed evolution of kinetoplastids, emphasizing differences in kDNA organization and compaction. kDNA (k) is the structure within the mitochondrial matrix. fl, flagellum; m, mitochondrion; n, nucleus. kDNA in C. helicis is pan-kDNA, that in T. borreli is mega-kDNA, that in D. trypaniformis is poly-kDNA, that in B. saltans is pro-kDNA, and that in T. brucei is a kDNA network. (43) . It is likely that the evolution of mega-kDNA and kDNA networks was driven by a need to improve on the mechanism of minicircle segregation. Mega-kDNA and the minicircle segregation dilemma. Mega-kDNA in T. borreli contains tandemly linked minicirclelike sequences. We speculate that the mega-kDNA repertoire consists of multiple maxicircle copies and multiple molecules containing minicircle-like sequences. Although segregation of the progeny of these molecules could still be random, the ratio of minicircle-like sequences would remain fixed because they are tandemly linked. gRNA-encoding sequences could be lost only by recombination or if a daughter cell lost all copies of the tandemly repetitious molecules.
Evolution of the kDNA network. A major driving force for the formation of a network was likely to provide a solution to the minicircle segregation dilemma, an idea that was already expressed explicitly (4) . Organization into a network may allow essential minicircles to be present in low copy numbers without placing them at risk for the rapid loss that would occur if minicircle segregation occurred randomly. We do not yet know how a network facilitates minicircle segregation, but we have suggested two models (for a further discussion and earlier references, see reference 25). One model is based on the finding that minicircle replication initiates and proceeds in the KFZ (1, 10) . If replication is also completed in this zone (as of yet there is no evidence that that is the case) and if the progeny minicircles segregate there, one could postulate a mechanism that delivers one sister minicircle to each antipodal site. The sister minicircles would then be reattached on opposite sides of the network, ultimately destined for different daughter cells when the double-size network splits in two. A second model for minicircle segregation could function if minicircle replication is not completed until the replicating molecule arrives at the antipodal site. In this scenario, the two progeny minicircles could attach to the network at neighboring positions, making it likely that they would be distributed into the same daughter network. However, with C. fasciculata kDNA, we found that the progeny minicircles do not attach to the network simultaneously; multiply gapped progeny are attached after a delay (24) . Therefore, rotation of the kinetoplast during replication could result in the attachment of sister minicircles at opposite sides of the network, favoring their distribution to different daughter cells at the time of network division (38) . A problem, of course, is T. brucei, whose network does not rotate (see above). Solutions to this problem could be that its minicircles segregate by the first model or that minicircle exchange occurs during mating to homogenize and sustain the minicircle repertoire (43) . More experiments are needed to clarify the molecular mechanism by which the network structure facilitates minicircle segregation.
